The body of a hermit crab shows asymmetrical morphology, which may be related to utilization of the dextral shell. To examine the effect of the shell, we reared Pagurus filholi (De Man, 1887) from the glaucothoe stage to full-sized adults, in a sinistral shell, in a straight tusk shell, without a shell, and in a normal dextral shell as a control. Body parts that show the most conspicuous asymmetry, uropods, pleopods and chelipeds, were checked at the time of the shedding of exuviae during rearing. No inversion of laterality on these characters was observed. However, in crabs subjected to conditions other than a dextral shell, the otherwise rather short right uropod became somewhat extended, and in those reared in sinistral shells, the right major cheliped was more enlarged.
INTRODUCTION
Asymmetrical morphology is widely known in crustaceans, especially on the chelipeds of decapods. Heterochely is described in brachyuran crabs of the Ocypodidae (Crane, 1975; Yamaguchi, 1977; Barnwell, 1982; Trott, 1987; Jaroensutasinee & Jaroensutasinee, 2004) , the Portunidae (Hamilton et al., 1976; Abby-Kalio & Warner, 1989; Ladle & Todd, 2006) , the Xanthidae (Tweedie, 1950; Yamaguchi et al., 1976; Shigemiya, 2003) and the Calappidae (Shoup, 1968; Ng & Tan, 1985) , in shrimps of the Alpheidae (Stockard, 1910; Yo ung et al., 1994; Anker et al., 2006) , in prawns of the Palaemonidae (Davis, 1987; Mariappan et al., 2000) and in lobsters of the Nephropidae (Govind & Pearce, 1986; Govind, 1989) .
In anomuran hermit crabs, Paguroidea, heterochely is genetically fixed, and used as one of keys for taxonomy of this group (Wicksten, 2012) ; most members of families Paguridae and Parapaguridae possess a larger cheliped on the right whereas members of family Diogenidae on the left or have symmetrical chelipeds (Miyake, 1978) . Hermit crabs are especially interesting, as they usually occupy coiled gastropod shells. The length of their uropods is usually skewed to the left (Jackson, 1913; McLaughlin, 1980; Barnes, 1980; Imafuku & Ando, 1999) , though they may be symmetrical in crabs that inhabit worm tubes or tusk shells (McLaughlin & Lemaitre, 1993; Wicksten, 2012) . Unpaired pleopods are located on the left side of the body over different taxonomic groups (Miyake, 1978; McLaughlin, 1980; Barnes, 1980) . Asymmetrical pleopods are also observed for such anomuran crabs as robber crabs, Birgus latro (Linnaeus, 1767), and lithodoid crabs that do not occupy snail 4 shells (Miyake, 1978) . Further, asymmetry is observed in the internal morphology of hermit crabs; the sternal artery that starts from the posterior end of the heart locating just above the alimentary canal runs on the left side of the canal toward the ventral nerve cord (Imafuku, 1993) . These characteristics are thought to be adaption to inhabit a dextral shell.
Should these characteristics observed in hermit crabs be modified or reversed by forcing them to grow in a sinistral shell or non-dextral shell from the larval stage on? To answer this question, we reared individuals of Pagurus filholi (De Man, 1887) for five years with a sinistral shell, with a straight tusk shell or without a shell. This species is distributed widely over Japan, Korea and Formosa (Miyake, 1978) . They live in intertidal zones, occupying shells of 16 gastropod species (Imafuku, 1984) , and show adaptive behaviour on asymmetrical shells (Imafuku, 1994) . Their breeding seasons is from autumn to spring (Imafuku, 1986) .
MATERIAL AND METHODS
Pagurus filholi was investigated. Material was collected from beaches of Shirahama, Wakayama Pref., Japan (33º41'N 135º20'E).
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Morphological measurements
The species Pagurus filholi, has the major cheliped on the right. To explore the part that showed the most conspicuous asymmetry, lengths of segments from the dactylus to the merus of five pereiopods and widths of the chelipeds were measured for two sample individuals collected in fields, and the asymmetry index (AI) was calculated following Van
, where L and R are left and right measurements, respectively. This value fluctuates between +1 (left longer) and -1 (right longer) with 0 indicating perfect symmetry. The AI of the cheliped width was the largest in absolute value, and thus this part was adopted for the following analysis. Further, the uropods which were expected to largely be affected by shell-inhabitation were also examined.
Field individuals
Prior to rearing experiments, the asymmetry index of cheliped and uropod of field crabs was determined. Forty crabs of each sex were collected from the beach on 31 Since mortality was high in the megalopal and young crab stages, all crabs were reared in a single tray. On 4 February 1990, each crab was transferred to an individual tray (135 mm in diameter, 40 mm deep), with five to six crabs in each group. Then all exuviae were collected and preserved in 70% ethanol until 9 November 1994 when only two crabs, both in tusk shells, were alive.
Crabs were provided with field-collected pebbles covered with micro algae as food.
Pebbles and sea water were exchanged every one to three days in summer and three to seven days in winter. They were kept at natural temperatures. The number, sex and longevity of the reared crabs are shown in table I.
Statistics
Regression analysis was used to examine the effect of crab size on the uropods and chelipeds. For comparison of effects of shell types on the morphology of crabs, a Tukey-Kramer's HSD test was used at a significance level of p = 0.05. JMP version 5.1.1 software was adopted. 
Rearing experiment Uropods
In each group of shell type, 5 or 6 crabs survived for at least 600 days of culture, and sex was biased to females (table 1).
The AI and length of uropods in respective groups are shown in fig. 2 . In this figure, all exuviae derived from the same individuals are plotted as independent points. The asymmetry index is nearly constant. This is the case for female crabs in group D (open circles in fig. 2A ), which clearly differs from the result of female field crabs (fig. 1A) . The difference seems to be attributable to the difference in rearing conditions as described in the Discussion.
The crabs provided with dextral shells had higher AIs than those in the other groups both in females ( fig. 2A) and males (fig. 2B ). The AIs were compared among crabs in different shell groups by a multiple comparison test. Firstly, residues from a regression line for all crabs including different groups, were calculated, and then averaged for the same individual to obtain an individual value. The individual values were compared among groups. In the shell, the right-side of the body of inhabitants is pressed strongly to the inner surface of the shell they occupy. The right uropod of the field crabs, Pagurus filholi, was 42 % shorter on average than the left one. However, field females had more skewed uropods as they grew.
This may be because the females carry eggs attached to the pleopods restricted to the left side of the body, which should more strongly press the abdomen to the right.
On the other hand, females under rearing conditions did not have the skewed uropods seen in the field females. In rearing conditions, they were maintained solitarily and did not copulate or lay eggs. This seems to be the cause of the less strongly skewed uropods in the reared females.
Crabs reared with a non-dextral shell or without a shell developed a less asymmetrical uropod than those with a normal dextral shell. Crabs forced to live in a sinistral shell did not show reversed asymmetry. These facts indicate that the asymmetry of uropods is genetically determined and phenotypic plasticity is exhibited in its degree. Gherardi & McLaughlin (1995) examined the effects of housing on the morphology of the hermit crab Discorsopagurus schmitti (Stevens, 1925) which has a symmetrical body shape due to inhabiting worm-tubes and tusk shells. They reared juveniles of this species with spiral shells, worm-tubes and without housing, and found a slight difference in pleopods, but not in uropodal symmetry. As the examined crabs were limited to the first two juvenile stages following the megalopal stage, it may be that young stages were not strongly influenced.
A certain degree of morphological modification is known to occur by utilization of different shell shapes in field hermit crabs. In Paguristes seminudus Stimpson, 1858, AI of the uropod was 0.27 for specimens living in gastropod shells, whereas it was 0.02-0.08 for those living in tusk shells (Imafuku & Ando, 1999) . For morphological modification of hermit crabs, it is possible that the body fits the shell morphology immediately after moulting when the body is soft (Elwood et al., 1979) .
Heterochely is widely known in hermit crabs, but handedness is not related to inhabitation of dextral shells, because some species are right-handed and some are left-handed, as mentioned in Introduction. However, when crabs of Pagurus filholi belonging to family Paguridae, members of which are right-handed, were reared in sinistral shells, they developed more enlarged right chelipeds ( fig. 4D, 4E) . Why did such an unexpected phenomenon occur? Modification of uropodal asymmetry would be expected, because the organ is located at the posterior end of the body under strong influence of the shell. On the other hand, chelipeds are usually held outside of the shell. However, they may be affected, when the crab withdraws into the shell. One explanation of cheliped modification in crabs with a sinistral shell might be that the right cheliped receives the stress in a normal dextral shell, but not in a sinistral shell, which promotes its enlargement. This explanation, however, seems to be inadequate, because crabs maintained without a shell did not develop enlarged right chelipeds, even though they then receive no more stress on the right cheliped. An alternative explanation may be that a stress on the left cheliped that is newly introduced by sinistral-shell occupation leads to an enlargement of the right cheliped. This "contralateral" explanation may be supported by the development of heterochely in the lobster Homarus americanus H. Milne-Edwards, 1837 by Govind & Pearce (1986) . In the juvenile stage of the lobster, when one claw is subjected to exercise, that claw develops into a crusher. When both claws are left intact without exercise, they develop into cutters. When both claws are subject to exercise, they develop into cutters, but not into crushers. This phenomenon is explained as follows. Exercise has two functions, one is to lead the claw into a crusher, and the other is to suppress the opposite claw to develop into a crusher, and the latter is dominant. That is, a stimulus that occurs on one side of a paired claw has an effect on the other side. A similar phenomenon may have occurred in our hermit crabs.
In nature, hermit crabs that normally carry a shell are hardly found in naked state.
Only occasionally does one crab live together with another crab in a single shell (Imafuku, 1983) . These facts indicate that housing is inevitable for the hermit crab to survive in nature.
On the other hand, crabs without a shell in our experiment could survive normally, without any delay of growth, for at least five years. This clearly indicates that a shell is not necessary for normal growth or feeding, but is necessary for protection from predation. 
